A novel demodulation scheme for interferometers with optical phase modulation is described. The optical phase shift is measured by mixing a train of square digital pulses with a photodetector current and adjusting the pulse spacing by using an electronic closed loop. The optical phase shift is tracked with deviation less than 0.007 rad, which can be easily corrected by using a look-up table. An experimental optically open-loop fiberoptic gyroscope that uses this demodulation shows a linear scale factor in good agreement with theory.
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In the interferometric fiber-optic gyroscope with optical phase modulation, the detector current is given by' (1) where Io is the maximum detector current, Am is the amplitude of differential phase modulation, air = 27rfm is the modulation frequency, and OR is the rotation-induced Sagnac phase shift. In practical gyroscope systems, a wide dynamic range with good linearity is desirable. For this purpose many demodulation systems have been proposed. 2` These can be classified into two categories: closed-loop and open-loop systems.
ID(t) = 21 + Cos[nm Cos(w0mt) + OR]},
In the closed-loop system 2 -4 the rotationinduced Sagnac phase shift is compensated by a nonreciprocal phase shift introduced in the fiber loop. Then the applied nonreciprocal phase shift is the measure of the Sagnac phase shift. This approach requires a frequency shifter or a wideband phase modulator inside the fiber loop, which results in a more complicated optical circuit with increased losses and reflections from the integrated-optics chip and fiber splices.
In the open-loop system, 5 -8 on the other hand, the Sagnac phase shift is measured by processing the detector current itself. This approach requires only a narrow-band phase modulator inside the fiber loop, such as a piezoelectric cylinder with fiber wrapped around it, which permits a low-loss all-fiber configuration with no splices inside the loop. In some systems, harmonic contents of the detector current are measured to determine the Sagnac phase shift. 5 7 In so-called synthetic heterodyne systems, 8 the optical phase shift is converted into a low-frequency electrical phase shift by multiplying the detector current with a square wave and selecting a harmonic component of the multiplied signal by a bandpass filter. When the phase-modulation level is properly adjusted, the phase shift of this electrical signal is equal to the Sagnac phase shift. This approach is limited by the stability of analog circuits, including the multipler and the bandpass filter, as well as by the difficulty of measuring the electrical phase shift accurately.
In this Letter a novel demodulation scheme, which solves most of the problems associated with existing open-loop approaches, is demonstrated. The schematic of the system is shown in Fig. 1 . Instead of the square wave used in the synthetic heterodyne system, 8 the new scheme utilizes a train of square pulses with adjustable pulse spacing. This digital modulation waveform A(t,8), which is explained in detail below, is multiplied by the detector current
ID(t). The low-pass filter (L.P.E) selects the dc component S of the multiplied signal ID(t)A(t, 8).
In response to this feedback signal, the digital modulation waveform generator adjusts the pulse spacing 8 of the digital modulation waveform A(t, 8) so that the feedback signal S is nulled. When the phasemodulation level k m is properly adjusted, the pulse spacing 8 expressed as an angle is almost linearly proportional to the optical phase shift OR itself.
Details of the digital modulation waveform A(t, 8) are described by referring to Fig. 2 . The horizontal time axes are normalized to radians by Womt, and waveforms for two periods or a range of ±27r are shown. First a triangular wave with peak-to-peak amplitude of 27, vertical offset 8, and horizontal period 27r is generated. The triangular wave is synchronized with the phase modulation [ Fig. 2(a) This waveform A(t, 8) can be easily generated using two digital binary counters. The first counter A holds an offset number M, which represents the pulse spacing 8. The second counter B starts counting from the offset number M up to M + 2 N, and then counts down to M and repeats the process.
Thus the reading of counter B is a digital staircase representation of the triangular wave. The gray and white zones are specified by the Nth bit of counter B, which changes from 0 to 1 or 1 to 0 with every 2 N-1 counts. Therefore, the digital modulation waveform A(t, 8) is expressed by the Nth bit of counter B. The periodicity of A(t, 8) in 8 is taken care of by the counter overflow into the (N + 1)th bit. The counter A is increased or decreased depending on the sign of the feedback signal S. In this digital implementation the optical phase shift OkR is readily available in digital format as the offset number M. Another advantage of the system is that the multiplication of ID(t) and A(t, 8) can be achieved by an electronic switch instead of an analog mixer because the modulation waveform A(t, 8) is binary. Therefore, except for the low-pass filter, the entire system can be implemented in digital electronics. This ensures stable operation free from drift, which often plagues analog systems.
In order to analyze the system, the feedback signal S is obtained by multiplying the modulation waveform A(t, 8) of Fig. 2 by the detector current ID(t) in Eq. (1) numerical evaluation of these functions reveals that Sx (8) and Cx (8) are close to sin(8) and cos (8) , respectively, with only a few percent differences when 'km, is 2.77. Then from Eq. (2) we obtain S(8 OkR) (lol1 wr)sin . When the feedback signal S is maintained at zero, the pulse spacing 8 is therefore nearly equal to the optical phase shift 'kR.
The theoretical error of this system arises from two sources: the deviation of the phase-modulation level 'km from the optimum value 2.77 and a phase reference error of 8, which is the relative phase shift between the detector current ID(t) and the digital modulation waveform A(t, 8) . The maximum deviation from the linearity, defined by maxl'kR -81, is calculated for these two error sources by using Eq. (2) . The result is shown in Fig. 4 . When the phase reference error 8 is zero, the maximum deviation increases linearly from the miminum value of 0.007 rad as the phase-modulation level 'km, deviates from the optimum value of 2.77 rad. The slope coefficients are -0.14 for 'km, < 2.77 and 0.20 for 'kin > 2.77. When the phase-modulation level 'km, is at the optimum value of 2.77 rad, the maximum deviation increases quadratically as 0.22782 when the reference error s increases from zero. Therefore the stabilization of the phase-modulation level 'km, is more critical than the phase reference error 8.
To test the principle of the new demodulation scheme, an interferometric open-loop fiber-optic gyroscope of conventional reciprocal configuration was constructed. The demodulation system is implemented using standard transistor-transistor logic circuits with 7-bit resolution for the pulse spacing 8. The circuit is driven by the master clock frequency of 7.04 MHz, and the piezoelectric phase modulator is driven at 27.5 kHz. The gyroscope is rotated on a rotation table, and the digital output representing the pulse spacing 8 is recorded. The experimental data for three levels of the phasemodulation level 'km, are shown in Fig. 3 as dots. In the figure the rotation rate fl and the rotation-induced Sagnac phase shiftO'R calculated from fl are shown as the horizontal axes. A good agreement between the theory and the experiment is obtained, and the principle of the new demodulation scheme is verified.
In conclusion, a novel all-digital demodulation scheme for the open-loop interferometric gyroscope is demonstrated.
The pulse spacing is linearly related to the optical phase shift with maximum deviation of 0.007 rad when the phase-modulation level is 2.77 rad. Because the system not only measures small optical phase shifts accurately but also keeps track of the fringe number, it is also applicable to other types of interferometer.
